We study the deflection and time delay of light by the Sun in general scalar extensions of the Standard Model which may violate the equivalence principle. Despite the presence of the interaction φF F or φFF between the scalar field and photon, we show that the bending and time delay of light are the same as in Einstein's general relativity. The bending angle is obtained using geometrical optics and compared with the angle obtained using another method based on scattering amplitude. It is pointed out that the method based on scattering amplitude can lead to wrong conclusions about potential energy and light polarization. Also, we obtain a constraint on the generic scalar particle from the parametrized post-Newtonian parameter γ, noting that planet motions are affected by the scalar field as in scalar-tensor theories with some modifications to the scalar field's couplings to the Sun and planets. *
I. INTRODUCTION
New light bosons are one of the most common remnants of a number of extensions of the Standard Model (SM) [1] . Extra-dimensional theories such as string theory yield scalar moduli from the shape and size of the extra dimensions and pseudoscalar axions from the higher form gauge fields. Also, in the low-energy effective perspective, new light bosons are favored: the QCD axion to explain the strong CP problem [2] [3] [4] [5] and the scalar quintessence field to satisfy the de Sitter swampland conjecture [6] [7] [8] [9] .
Sourced by astrophysical objects, the light bosonic fields or clouds can form surrounding the objects. For instance, a scalar Yukawa potential field can be found surrounding stars and planets if the scalar particle interacts with the SM particles. Another example is rotating black holes producing bosonic clouds by superradiance [10] [11] [12] [13] [14] [15] .
Such fields and clouds affect motions of nearby objects. Yukawa potential field can provide an additional force between the Sun and the Earth changing the relationship between the Earth's orbital period and the mass of the Sun. The gravitational lensing of light due to rotating black holes with bosonic clouds can lead to distinctive shadows [16] [17] [18] . Light passing through an axion cloud bends in addition to the gravitational bending depending on its polarization [19, 20] .
In scalar-tensor theories, the scalar field does not bend light in the classical limit. In the Jordan frame, it was shown in Ref. [21] that the light deflection angle and time delay due to a massive object in scalar-tensor theories are the same as those given by Einstein's general relativity (GR).
1 The light bending and time delay due to the bending are independent of properties of the scalar particle and dependent of GM, where G is the gravitational constant and M is the mass of the massive object. On the other hand, orbits of planets around the massive object are determined by both the Yukawa potential produced by the scalar particle and GM. Thus, information on the scalar field is extracted from planet motions combined with light motions eliminating ambiguity on GM.
In the Einstein frame, this is more readily seen because the scalar field interacts with the trace of the energy-momentum tensor of the photon which vanishes in the classical limit.
Furthermore, from the trace anomaly, we can expect that the scalar field might interact with photons whose energy is larger than the electron mass and deflect them. On the other hand, the trace of the energy-momentum tensor of non-relativistic particles (or microscopically, that of QCD) is non-zero and the scalar field mediates force between the massive object and its planets.
In this paper, we shall consider the most general singlet scalar extension of the SM without derivative couplings of the scalar field. In general, the real scalar field, φ, interacts with photons by dimension 5 operators φF µν F µν and φF µνF µν . However, we will show that the scalar field surrounding the Sun does not affect the light bending. In section II, scalar-tensor theories in the Einstein frame are discussed in detail; especially, the Eddington parameter γ is obtained in terms of the parameters in the Einstein frame. In section III, the general scalar extension is introduced, and the Earth motion is discussed. The deflection angle is obtained using geometric optics in section IV. The method of computing the deflection angle from scattering amplitude is described and applied to the φF µν F µν interaction in section V and to the φF µνF µν interaction in section VI. We show that the bending via amplitude can lead to wrong conclusions about potential energy and polarization of refracted light. Section VII is the conclusion.
II. SCALAR-TENSOR THEORIES
In the Einstein frame, the Lagrangian density of scalar-tensor theories with a real scalar field φ can be described as
with traditional Einstein gravity. Here, the inverse of the Planck mass is defined as κ =
The trace of the energy-momentum tensor can be written as, microscopically,
where β 3,e are the beta functions of the strong and electromagnetic couplings and γ m f is the mass anomalous dimension of a fermion f . The β e and thus φF µν F µν term vanish below the electron mass scale. Macroscopically, a perfect fluid has
where ρ is the energy density, p is the pressure of the fluid, u is the 4-velocity of the fluid, and g µν = diag(+1, −1, −1, −1) is the Minkowski metric. For the Sun at rest with the mass, M S , the trace is
in the point-like approximation. The Lagrangian (1) yields the equation of motion for the scalar and its solution as
The potential energy of the Sun and the Earth with the mass M E is
where r SE is the distance between the Sun and the Earth. Therefore, the acceleration of the Earth is
On the other hand, since the gravity in the Einstein frame is the traditional one, the light bending angle is
and the one-way time delay due to the deflected path is 2GM ln (4r SE r Ss /b 2 ) when the source, the Sun, and the Earth are almost in a straight line with the impact parameter, b, and the distance between the source and the Sun, r Ss . The time delay results in the Doppler shift to a round trip signal (Earth-spacecraft-Earth) yielding the fractional frequency shift [25, 26] 8
which provides the scalar-field-independent measurement for GM S using the Cassini spacecraft [27] .
The parametrized post-Newtonian (PPN) parameters are defined in the Jordan frame with the metric
where we keep only one relevant PPN parameter γ which is also known as the Eddington parameter. The Earth acceleration in this frame is
The light bending and the fractional frequency shift are, respectively,
Comparing the formulae (7-9, 11, 12), we obtain the Eddington parameter in terms of the parameters in the Einstein frame as
which is constrained by the Cassini tracking [27] as |γ − 1| < 4.6×10 −3 at 2σ. In comparison with Ref. [28] in which the PPN parameters were computed in the Einstein frame, there are two differences; they promoted the PPN parameter γ from a constant to a function of position χ while we keep it as a constant, and they used the closest distance (1.6 solar radii)
between the signal and the Sun as the interaction distance following Ref. [29] while we use the distance between the Sun and the Earth as the interaction distance. The interaction distance should be r SE because the scalar field affects planet motions, not light bending.
III. GENERIC SCALAR THEORY
In the Einstein frame, after some field redefinitions, any extension of the SM with a real scalar without derivative couplings of the scalar field can be represented by the Lagrangian
where we ignore terms of O (φ 3 ) in the scalar potential and O (φ 2 ) in the scalar interaction with the SM. The interaction of the scalar field with photons is provided by
Although tests on the weak equivalence principle (WEP) [31] [32] [33] constrain these parameters, such constraints become weaker as d m i for quarks approach d g , and λ s becomes smaller.
Similarly to (5), the solution of the equation of motion for the scalar field is obtained as
where d S is the coupling between the scalar field and the Sun. The coupling is determined by the constituents of the Sun as
where f S,a is the mass fraction of an atom a constituting the Sun and d a is the coupling between the scalar field and the atom a. An atom a of charge Z and atomic number A has the coupling [35, 36] Eqs. (17-21) of Ref. [35] . For example, the major component of the Sun is hydrogen which provides 73% mass fraction and its coupling is
with definitions dm =
. Similarly to (7), the Earth acceleration is
where d E is the coupling between the scalar field and the Earth. Once GM S is determined by the light bending, this can constrain the Lagrangian parameters for m φ r −1 SE .
2

IV. GEOMETRIC OPTICS
In this section, we apply geometric optics to obtain the light deflection angle due to the scalar field. The equation of motion for photon from (14) and (15) is
choosing the Lorenz gauge ∂ µ A µ = 0. In terms of the electric and magnetic fields, this is
The Bianchi identity
2 The Lagrangian parameters are also constrained by measuring deviation from the 1/r 2 force [34] . The information on the light bending is not needed, but the 1/r 2 tests do not cover m φ ≪ r
∇ · B = 0.
From (22) and (24), we obtain wave equations
in the small wavelength limit where the wavelength of the photon is much smaller than the characteristic length of the scalar field φ; in other words, we neglect terms with ∂ 2 φ or ∂ µ φ∂ ν φ. Therefore, the dispersion relation is
where the sign ± corresponds to the right-and left-circular polarization; we make an ansatz E(t, x) ∝ (ǫ 1 ± iǫ 2 )e ik·x and B(t, x) ∝ (ǫ 2 ∓ iǫ 1 )e ik·x withǫ 1 ⊥ǫ 2 andǫ 1 ×ǫ 2 k.
The index of refraction is obtained from the dispersion relation as
It is noteworthy that the real part of the index of refraction for the φF µν F µν interaction is 1 in the λ 1 s order. Thus, the scalar field does not change the direction of the photon propagation. This can be more promptly seen by observing, in (22) , that the electric permeability is ǫ = 1 − λ s κφ, the magnetic permeability is µ = 1/(1 − λ s κφ), and therefore, the refraction index is n = √ ǫµ = 1.
If the spacetime is curved, it provides an additional contribution to the index of refraction.
For a spherically symmetric metric
the additional index of refraction due to the gravity,
should be added to (27) . The Schwarzschild metric gives ∆n gravity ≃ 2GM/r.
Given the index of refraction, the trajectory of light, r(s), is obtained by
where ds = dt/n is the path length. As a zeroth order solution, the trajectory is
where b is the impact parameter. The deflection angle, θ, is
For example, the Schwarzschild metric yields
The deflection angle due to the scalar field is θ scalar = 0 for the φF µν F µν interaction and
for the φF µνF µν interaction. This can be further simplified to θ scalar = 0 if the scalar field (r 0 (−t)); for example, φ = φ(r) does not bend light.
Thus, the scalar field (16) surrounding the Sun does not bend light at this order.
The light bending is purely gravitational. the Eddington parameter in general scalar extensions of the SM is
The measurements on the WEP [31] [32] [33] provide stronger constraints on the scalar couplings as [30] d 
V. SCATTERING AMPLITUDE BY φF F
Given the non-zero coupling between the scalar field and photon, the amplitude of photon scattering does not vanish in general, which might sound inconsistent with the non-bending of light obtained in the previous section. In this section, we use a semiclassical approach of obtaining light bending from the scattering amplitude to understand the non-bending for the φF µν F µν interaction, emphasizing an ambiguity in the process. The bending via amplitudes has been used to compute the leading quantum correction to the gravitational bending of light [37] [38] [39] .
Classical potential energy is related with the scattering amplitude M by the Fourier transformation
in the small momentum transfer limit. For example, the potential energy between the Sun and the Earth is
where k (k ′ ) is the incoming (outgoing) momentum of the scattered object which is the Earth in this case, and (k ′ −k) µ = (0, q). For the light scattering by φF µν F µν , the scattering amplitude is
In order to analyze the polarization dependence, we set the photon momenta and photon polarizations as
Here, the angular parameter Θ of the phase space should not be confused with the final bending angle θ in (32) . The bending angle θ is
We obtain
and the potential energy is
It is important to note that Θ as a function of q has an ambiguity as
Choosing the first expression, the potential energy is
which is purely imaginary and irrelevant to bending. Contrarily, the second expression provides
whose second term yields non-zero bending. Unlike in the case of Eq. (7.5) in Ref. [38] , the first choice cos Θ = 1 + k · q/k 2 0 should be used here.
VI. SCATTERING AMPLITUDE BY φFF
In this section, we consider the φF µνF µν interaction which provides the scattering ampli-
with 
Therefore, the deflection angle is
where φ(r) is given in (16) . This is the same as the bending angle (34) obtained using geometrical optics. However, this angle is obtained from the helicity-flip amplitude while (34) is for helicity non-flip. The potential energies for the linearly polarized photons are even more unclear; they are either purely imaginary or zero.
The equation of motion (21) for the linearly polarized photon is 
Therefore, helicity does not flip during the propagation. The method of obtaining deflection angle based on scattering amplitude should be taken with a grain of salt.
VII. CONCLUSION
In this paper we examined the light bending by the Sun in extensions of the SM with a generic scalar field that can violate the weak equivalence principle. Using geometric optics, we showed that the scalar field surrounding the Sun does not bend light even if the Lagrangian density has interaction terms between the scalar field and photon. The light bending by the Sun and Shapiro time delay due to the bending are purely by gravity.
Measuring those gravitational effects constrains the scalar particle's couplings to the SM, combined with the effect of the scalar particle on the force between the Sun and its planets.
In terms of the couplings and the scalar mass, we represented the PPN parameter γ which is constrained in [27] as |γ − 1| < 4.6 × 10 −3 at 2σ.
We displayed how the non-bending can be consistent with the non-zero scattering amplitude produced by the coupling between the scalar field and photon. The potential energy of light was extracted from the amplitude, and used for computing the force on the light. However, we encountered two difficulties in this method. First, interpreting the phase space parameter into the momentum transfer was not uniquely determined. Second, the polarization-flip amplitude produced the bending formula of the polarization-non-flip propagation.
